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013.11.0Abstract This article illustrates the application of using polymer stabilization in creating a new
nanocomposite material with clay soil. Various tests with different polymer contents were per-
formed to study the effect of using polypropylene as a stabilizing agent on both microstructure
and geotechnical clay properties. These experiments showed that the resulting nanocomposites
acted as nanoﬁller materials which decreased the plasticity and compressibility parameters of the
treated clay. The initial structural analysis helped in a better understanding of the modiﬁed micro-
structure and the measured size of induced nanocomposites. The constructed inclusions ﬁlled the
inter-assembling pores thus notably producing a higher vertical effective yield stress which again
reduced the volumetric shrinkage and created isotropic and compressible materials with a lesser
extent of desiccation cracks. It also increased the tensile and the shear strength of the stabilized clay
with an increase in the nanocomposites size.
This technique can be effectively used for road embankments and slope stabilization.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
For all engineering structures constructed on clay soils, these
soils cause deformation when exposed to any additional load
or external effect. This deformation may cause a signiﬁcant
failure to foundation and structures. Clay soils are mostly
found in the middle delta of Egypt. Many problemscom
lty of Engineering, Alexandria
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10concerning foundation are related to the consolidation of clay
layers as found in different study cases of such deformed road
embankments and multi-story buildings. These cases show that
many problems occur due to the compression of clay layer
causing foundation collapse. That is why many researchers em-
ploy soil stabilization techniques to improve the geotechnical
characteristics of the clay soil to maintain roads, prevent struc-
tures from collapsing, control foundation settlement and evade
any associated failure. For example, cement was ﬁrst used as a
stabilizing agent at the beginning of the 20th century. It was
mixed with the soils to form road material and was used in a
wide range of applications all over the world. Since then, many
other material types, such as lime [1], ﬂy ash [2], organic poly-
mers [3] and their mixtures [4] have been used as stabilizing
agents. Puppala and Musenda [5] studied the engineeringaculty of Engineering, Alexandria University.
Table 1 The initial physical and mechanical properties of the
tested clay.
144 W.R. Azzamproperties of clay materials reinforced with randomly oriented
ﬁbers. Also, several researchers [6–8] investigated aqueous
polymer applications while others [9,10] provided useful data
on the polymer–soil interactions that determine the effective-
ness of polymer solution in various applications. All the above
mentioned papers were unable to thoroughly explain the tech-
nique of nanocomposites formation by using such methods
that were chemically explained. Moreover, the nanoﬁller effect
on the geotechnical behavior of stabilized clay by such polymer
was not studied. However, this terminology of using a chemi-
cal point of view of nanocomposites was adopted in stabilizing
swelling soil by the polymer technique, as discussed by Azzam
[11]. The modiﬁcation of the clay microstructure was done
with the use of polymers to produce nanocomposites materials
with components of clay. Polymers were used in a wide range
of applications to improve and reinforce several material prop-
erties [12,13]. Polymers can be reinforced with different ﬁllers
to improve the surface textures. The most common nano-sized
ﬁllers were carbon nano-tubes, nano-sized particles, and inter-
calated layers. Because nano-particles have signiﬁcant surface
sizes and quantum effects, their incorporation into a polymer
matrix improves several material properties. In general, the
microstructures of clay/polymer nanocomposites are classiﬁed
according to the level of intercalation and exfoliation of poly-
mer chains into the clay galleries [14,15]. The constructed
nanocomposites within clay microstructures are analyzed and
measured by scanning electronic microscope (SEM) and trans-
mitted electronic microscope (TEM) techniques. Polymer can
be dispersed in clay matrix as a ﬁller with clay particles, chang-
ing the clay microstructure and producing nanocomposites
which were chemically explained by organic onium and Ion-
change process as illustrated in Fig. 1 [16,17].
Most researches were concerned with the use of polymer to
stabilize the soil and to improve its geotechnical characteristics
without considering the chemical mechanism of the produced
nanocomposites which were extensively applied in the chemical
studies.
Therefore, this study attempts to apply the technique of
polymer nanocomposites from the chemical point of view with
geotechnical considerations in order to study the polymer ef-
fect on the engineering characteristics of stabilized clay. In this
research, the microstructures of stabilized clay soil were inves-
tigated to reveal the effect of constructed nanocomposites/
nano-ﬁllers through the internal voids of normal clay soil
and to show their effects on reducing and mitigating vertical
strains at a high stress level. The main aim of this concept re-
search is using polymer to improve the geotechnical propertiesFigure 1 Scheme of the modiﬁcation of clay layers by organic
onium cations and Ion-change process.of clay soil based on the modiﬁcation of clay microstructures
by construction nanocomposites within the tested clay galler-
ies. This technique can be also effectively used to improve
the clay characteristics for installations of road embankments
and to stabilize the loaded clay slopes.
2. Materials and experimental procedures
2.1. Soil samples
The clay samples were collected from the delta of Egypt at a
depth of 2–3 m and at a groundwater level of about 1.5 m be-
low the ground surface. The initial geotechnical properties of
these soils were obtained experimentally according to ASTM
speciﬁcation, besides the mineralogical analysis as previewed
in Table 1. The tested clay was classiﬁed as CH according to
uniﬁed soil classiﬁcation.
2.2. Polymer
The polymer used in this investigation was a polypropylene
homopolymer (H030SG) obtained from the petrochemical fac-
tory in Alexandria, Egypt with a melt ﬂow index of 3. This
polymer was commercially available, environmentally ac-
cepted, and is used as nanoﬁller to obtain nanocomposites
material with tested clay. The polymer was used in a liquid
state and the general properties were: Amorphous density at
25 C: 0.85 g/cm3, crystalline density at 25 C: 0.95 g/cm3 and
molecular weight of repeat unit: 42.08 g/mol.
2.3. Preparation of the polypropylene–clay composites
To prepare the polypropylene–clay composites, physical mix-
ing was adopted. According to the testing speciﬁcation recom-
mendation by AASHTO M 145, the tested samples of the soils
were ﬁrst oven-dried at 120 C, then graded, pulverized and
sieved through a No. 14 (1.2 mm) strainer. According to the
dry weight of the soil, the appropriate amount of polymer
was added. Kitchen stand blender was used to mix the polymer
into the clay with a total mixing time of 5–10 min.Property Value
Speciﬁc gravity 2.64–2.68
Bulk density (kN/m3) 17.10
Initial average water content (%) 29
Liquid limit (%) 50–48
Plasticity index (%) 27–24
Sand fraction (2 mm – 75i) 0
Silt fraction (75i – 2i) 31
Clay fraction (<2i) 69
Natural voids ratio 0.756
Permeability (m/s) 5 · 105
Unconﬁned compression strength (kN/m2) 80
Kaolinite (%) 19.5
Montmorillonite (%) 56.5
Illite (%) 24.5
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The amounts of polymer added to the clay soil samples, as a
percentage of the dry soil mass, were (0%, 3%, 6%, and
10%). All samples were remolded at their optimum moisture
contents (OMCs) and maximum dry densities (MDDs) with
the proctor test according to the ASTM (D-1557) speciﬁcation
of the compaction test. The compaction curves for mixes of
different plasticity values prepared with different percentages
of polymer are shown in Fig. 2. It was noticed that increasing
the polymer contents remarkably increased the resulting dry
density while the optimum moisture content was decreased.
This increase in the dry density is due to the formation of such
nanocomposites and clay polymer interaction. In addition, the
volume of the sample decreased and its weight increased.
Decreasing the optimum water content was due to the absorp-
tion of the excess water by the polymer within the clay samples
during the initial chemical reaction. The exchange of the ions
with clay particles and the hardening of the polymer network
through the clay sample conﬁrmed the polymer clay
interaction.
After the mixing process, the admixture was compacted to
the desired density and placed in a PVC cylinder mold (76 mm
in height and 38 mm in diameter), and rings, (75 mm) in diam-
eter and (19 mm) in height, to be tested by an unconﬁned com-
pression test and odometer cell respectively. A series of tests
was conducted to examine the effect of the polymer nanocom-
posite on the mechanical and compressibility characteristics of
tested clay samples. All the performed tests were done accord-
ing to (ASTM) speciﬁcations, at both different polymer con-
tents and the relevant (MDDs) amid corresponding (OMCs).
In order to determine the unconﬁned compression strength
parameters of unstabilized and stabilized samples, a series of
unconﬁned compression tests were carried out according to
(ASTM D2166-65) at the rate of 1.2 mm/min.
The sample structures were elucidated by many sophisti-
cated techniques, including scanning electron microscopy
(SEM), (XRD), and transmission electron microscopy
(TEM). These techniques were applied to study and character-
ize the behavior of the clay samples before and after polymer
stabilization and the produced nanocomposites.16.2
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Figure 2 Compaction curves for clay samples with and without
polymer stabilization.2.5. The volumetric shrinkage
The volumetric shrinkage characteristics of the stabilized sam-
ples were measured with proctor molds. This method was ear-
lier proposed by Puppala and Musenda [5]. In this method,
oven-dried, reconstituted soil was mixed with water at the li-
quid limit state to form slurry at different polymer contents.
The mix was then poured into the mold and lightly tamped.
Subsequently, the specimen in the mold was placed in an oven
at 80 C for 48 h. During this period, the mold was turned up-
side down and rotated regularly to allow uniform shrinking
and drying of the specimen and to avoid or minimize cracks.
Thereafter, the diameters and heights were measured at three
different locations, and the averages were noted to calculate
the volumetric shrinkage strain values.
2.6. Desiccation cracks
Oedometer rings were used to investigate the effects of random
nanocomposites inclusions on desiccation cracks of the soil.
After molding, conﬁning rings containing the specimen were
placed in open air in the laboratory at a temperature of about
30 C. Samples were regularly weighted and when no changes
in three consecutive measurements were observed, they were
considered completely dried. Then, the samples were used for
observational examination of the cracks extent.
3. Results and discussion
3.1. Clay polymer interaction and the formation of
nanocomposites
The addition of polymer to stabilize clay soil for constructing
nanocomposites through the clay pores is considered as a re-
cent area of stabilization. In this research, it is adopted to im-
prove and modify the behavior of the clayey soil. The structure
and induced nanocomposites inside the original clay sample
were investigated by scanning techniques to identify and show
the construction of such nanoﬁller that inﬂuences the geotech-
nical clay properties. As already observed in scanning tech-
niques, microstructure investigations allow a deeper insight
in the complex of phenomena taking place after the addition
of polymer. Fig. 3 presents the (SEM) image of the natural clayInter assembling voids
Aggregations and clay matrix
Figure 3 SEM image of tested clay without stabilization and the
microstructure.
Figure 5 Scheme layout of clay platelet with polymer and
produced nanocomposites or nanoﬁller.
146 W.R. Azzamfabric or clay microstructure which provides the orientation
and arrangement of the clay skeleton. The spatial distribution
of the solid particles and the particle-to-particle relationship
was observed. Aggregation and clay matrix were found and in-
ter-assembling voids were regarded. The microfabric of the
sample at a magniﬁcation range of (1000·) comprises highly
dense clay matrices with disturbed parallelism containing very
small inter-assemblage pore spaces and large inter-assemblage
pore spaces of various shapes. Fig. 4 shows the (SEM) image
of the modiﬁed clay at a polymer concentration of 10%, which
seems to be an aggregate of platelets exfoliated through disper-
sion in the polymer during the sample preparation. It has been
signiﬁcantly found that the addition of polymer to clay modi-
ﬁes the microstructures fabrics due to the induced nanocom-
posites. As shown in Fig. 4 this polymer also increases the
ﬁeld density due to the ﬁlling of pores, wherever the pore spac-
ing decreases within the clay matrix. The polymer was dis-
persed in the clay matrix in aggregates of different sizes; this
indicated homogeneity distribution of polymer within the clay
sample. The polymer stabilization increased the net electrical
attraction between adjacent grain particles. It also improved
the grain surface of the tested clay against water by construct-
ing the nanocomposites which ﬁll the voids. When the polymer
is mixed with clay samples, the excess water can be effectively
absorbed as justiﬁed by the reduction of the optimum moisture
contents (OMC). The interconnection between clay minerals
and polymer was formed due to polymer stabilization and
ion-change mechanism. As clearly shown in Fig. 5, the poly-
mer was hardened through the tested sample thus improving
the apparent clay cohesion. This ﬁgure presents the mechanism
of induced nanoﬁller with clay platelets and the constructed
nano-size materials. The ion-change phenomenon distinctly
describes this mechanism [14,15]. This also conﬁrmed the
reduction in the optimum moisture content (OMC) which
was noticed in the compaction curves and a reason given for
the decrease in (OMC) values as formerly shown in Fig. 2.
In general, SEM ﬁgures of the stabilized clay with adopted
polymer at 10% concentration show an overview of the sam-
ple. The voids that are decreased and ﬁlled with interconnected
nanocomposites increase the adhesion and improving the clayFigure 4 SEM image of the fractured surface of a clay–polymer
nanocomposite (at polymer concentration 1/4 10%).characteristics. Also, a homogenous distribution of the clay
skeleton was observed.
On the other hand, the absence of a characteristics peak at
6 for the clay–polymer stabilized sample in the region (2–10)
XRD, as shown in Fig. 6a and b, indicated a total dispersion
and the delimitation (exfoliation) of the ﬁne nanoﬁller layers
in the matrix. Interestingly, the polymer clearly was able to
exfoliate the pure clay at a 10% polymer content, as evident
from the XRD studies. This refers to the inter layer space tak-
ing place in accordance with the polymer content. It is also no-
ticed that the differences in sample peak detections in XRD
between pure and stabilized clay samples are more likely
attributed to differences in sample compositions. Along with,
it conﬁrmed the creation of nanocomposites due to the interca-
lation and exfoliation of the polymer chains into the clay gal-
leries. However, the particle size was much smaller in the case
of the sample without polymer. In this particular sample the
distribution was also better, as shown in the TEM micrograph
Fig. 7a and b. Thus, the TEM image shows that the polymer
was not evenly dispersed throughout the matrix. In fact,
although some tactics were found, most of the clay stacks were
conﬁned to clusters. Spatial distribution of the nano-particles,
(unmodiﬁed and modiﬁed clays) in the ﬂuoroelastomer was
clearly observed. The phase images (Fig. 7) of the pure clay
and the modiﬁed clay–polymer nanocomposites revealed that
the width of the clay particles was smaller in the case of the
unmodiﬁed-clay-ﬁlled system (8 + 3 nm) versus that of theFigure 6 XRD diffractogram of nanocomposites with the pure
clay. (a) Pure clay and (b) modiﬁed clay.
Figure 7 (a) TEM micrograph of the pure clay and (b) TEM micrograph of the clay stabilized with the polymer (polymer
concentration = 10%).
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different studied polymer contents it is also evident that the
sizes of the induced nanocomposites were related to the poly-
mer content as measured in TEM. It has been established that
the sizes of the produced nano-ﬁller increased with the increase
of the polymer concentration where the sizes were found to be
(10 ± 2 nm), and (14 ± 2 nm) at a polymer content of 3% and
6% respectively. This may have been due to better polymer/ﬁl-
ler interaction in the case of the natural clay. It can be con-
cluded that the studies by XRD and TEM conﬁrmed and
showed the effectiveness of constructing the new inclusions
or nanoparticles due to the proper clay–polymer interaction.
3.2. Effect of nanocomposites on geotechnical clay properties
3.2.1. Effect of nanoﬁller on clay plasticity
In this part of study, the effect of the microstructure modiﬁca-
tion of stabilized clay by polymer on the engineering properties
of clay was investigated. It has been found that adding the
adopted polymer to clay can signiﬁcantly alter the consistency
behavior of the tested samples due to microstructure change as
studied before. The produced nanocomposites materials within
the clay matrices signiﬁcantly modiﬁed and decreased both the
liquid and plastic limit. This also reﬂected the size of the in-
duced nanomaterial as presented in Table 2. It is noticed that,
as the polymer content increases, the size of the nanocompos-
ites remarkably increases. Consequently, the ability of the new
composite material to absorb the excess water is exhibited;
hence, the plasticity index is sharply decreased. The polymer
stabilization increased the net electrical attraction among adja-
cent clay particles. It also improved the grain surface of theTable 2 Size of nanocomposites and plasticity of stabilized clay at
Polymer content (%) Nano-size (nm) Liquid limit LL
0 0 50
3 8 46
6 10 38
10 14 33tested clay against water by constructing a hydrophobic mate-
rial and preventing the affectivity of the Montmorillonite as
veriﬁed by Azzam [11].
3.2.2. Effect of nanocomposites on the compressibility behaviors
of clay
For the purpose of comparison, compression characteristics
will mainly be presented in terms of void ratio rather than ver-
tical strain. The compressibility results of the clay polymer
nanocomposites are shown in Fig. 8a–e. Fig. 8a shows the
compression curves at different polymer contents. As expected,
the gradient of the virgin consolidation curve (or post-yield)
line changed when the rate of stiffness improved, whereby
(0%) polymer gives a steeper post-yield gradient, followed by
(3%, 6% and 10%) respectively. It also, produced higher ver-
tical effective yield stress. This shows that when polymer is
added to tested clay, the specimen became stiffer due to the
construction of the nanocomposites inside inter-assembling
voids. The compression index (Cc) and swelling index or
recompression index (Cr) during unloading were determined
at different polymer contents. It has been found that the poly-
mer stabilization markedly reduced the compression index val-
ues (Fig. 8b). The original specimens vary from a void ratio of
approximately (0.765–0.445) over a stress range of (10–
348 kPa). The normal specimen shows an initially overconsol-
idated response, with yield occurring at approximately a
70 kPa vertical effective stress [18]. The compression index
Cc for the sample without stabilization was found to be 0.24.
While the treated specimens have very similar compression
behavior, with a void ratio varying according to the polymer
contents over the same stress range. The values of compressiondifferent polymer contents.
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Figure 8 Compressibility characteristics of clay–polymer nanocomposites samples. (a) Typical (e-logp) curves for clay samples at
different polymer contents. (b) Variation in nanocomposite size with compression and swelling index. (c) Variation in nanocomposite size
with initial and ﬁnal voids ration index. (d) Variation in consolidation settlement with nanocomposite size. (e) Variation in the hydraulic
conductivity with nanocomposite size.
148 W.R. Azzamindex reduced gradually and were found to be (0.172, 0.132
and 0.12) at a polymer content of (3%, 6% and 10%)
respectively.
On the other hand, the swelling behavior of the stabilized
sample was partially or totally eliminated because of the in-
duced nanoﬁller and ion-change phenomena. This nanocom-
posite acted as a hydrophobic material which prevented the
affectivity of the Montmorillonite. The swelling index (Cr)
for the untreated sample was found to be (0.052) and its value
for stabilized specimens sharply decreased or was totally elim-
inated. It recorded (0.001) at higher polymer content which
provided a large size of nanocomposites (14 nm).
The polymer, here, modiﬁed the microstructure of the soil-
like nanoﬁller, altered the texture and produced a new skeleton
with clay gallery in the form of nanocomposites through the
clay voids. The ion-change phenomena distinctly described this
mechanism [14]. The formation of nanocomposites with differ-
ent sizes through the voids can effectively reduce theinter-assembling voids observed in (SEM) and conﬁrmed by
Fig. 8c. Both the initial and ﬁnal voids ratio sharply decreased
with the increase of the induced nanocomposites. The percent-
age reduction in the initial voids ratio reached 36% of its initial
value at a high polymer content of 10%.
For extension, the effects of the produced nanoﬁller on the
consolidation settlement of the soil samples were evaluated as
a function of nanocomposites size (Fig. 8d). Prior to the nano-
composite size, the consolidation settlement of unreinforced
soil sample was determined. It can be observed that at a con-
stant pressure, increasing the polymer contents from (3% to
10%) resulted in reducing the consolidation settlement of the
tested samples. A settlement reduction (11% and 38%) was at-
tained for the lower and upper limit of stabilization. It can be
speculated that the induced nanocomposites inclusion resulted
in reducing the consolidation settlements.
Based on the compressibility parameters, the coefﬁcient of
permeability was calculated for the stabilized sample at
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Figure 10 Effect of polymer treatment on unconﬁned stress–
strain behavior of clay samples.
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microstructures by inducing nanocomposites distinctly re-
duced the permeability of the stabilized sample (Fig. 8e). This
also conﬁrms the effectiveness of such treatment technique that
decreases the internal voids and again justiﬁes the observation
deduced from the micro-structural studies by (SEM). As the
sizes of nanocomposites increase, the hydraulic conductivities
sharply decrease, as evidently plotted in Fig. 8e. The evaluat-
ing minimum and maximum hydraulic conductivities were
found to be 16 · 107 m/s for treated clay and 5 · 105 m/s
for normal clay. It can be concluded that the formation of
nanoﬁller nearly ﬁlled the whole voids in the original clay sam-
ple at a polymer content of 10%.
3.2.3. Volumetric shrinkage
The variations in volumetric shrinkage strain with polymer
content are shown in Fig. 9. It can be concluded that the addi-
tion of polymer to form nanocomposite materials considerably
reduced the volumetric shrinkage strain of the tested sample.
In general, the use of such polymers for stabilization process
shows relatively isotropic behavior with respect to both the
diametrical and axial shrinkages because there is a trivial dif-
ference around 6% in the obtained values, as obviously shown.
3.2.4. Desiccation cracks
Observational examination of samples after desiccation
showed that; by increasing the polymer contents, the intensity
of cracking in addition to the extent and depth signiﬁcantly re-
duced. Extensive, deep and wide cracks were formed in the
unstabilized sample. The treated sample, however, mainly
experienced separation from the metal ring with no visible
signs of cracks formed inside the sample. This evidently shows
the effectiveness of induced nanocomposites inclusion in con-
trolling the desiccation cracks with a paramount importance
in surface cracking of clay covers used in landﬁlls. Therefore,
it can be concluded that the polymer inclusion seems to be a
practical method of increasing tensile strength and resisting
the volumetric changes in clayey soils.0
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Figure 9 Variation in the axial and diametric shrinkage strain
with polymer content.3.3. Effect of nanocomposites on shear strength of clay
The effect of polymer stabilization and induced nanocompos-
ites on unconﬁned compression stress–strain behavior of tested
samples is shown in Fig. 10. It is observed that, the induced
nanocomposites led to a signiﬁcant increase in the peak axial
stress, although the corresponding strain to the peak axial
stress decreased slightly. The increase in shear strength and
cohesion again justiﬁed the formation of nanocomposites
through the voids. This clearly increased the interconnection
between clay particles producing a homogenous compressible
isotropic material. Therefore the treated soils exhibited more
plastic behavior compared with non-treated soils. Non-treated
specimens disintegrated and ideal shear failure took place in its
plan, brittle failure (well-deﬁned shear plan). While the exis-
tence of such nanoﬁller within the clay microstructure diverted
the shear failure to plastic one in the form of bulking. This also
veriﬁed that the clay–polymer produced an isotropic and com-
pressible material. No peak failures were extirpated because
the produced nanocomposites increased the ductility and stiff-
ness of stabilized clay. The plot of the improvement degree in
the unconﬁned compressive strength with polymer content is
shown in Fig. 11. Raising the polymer content increased the
unconﬁned compressive strength of the soil samples in an0
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Figure 11 Variation in improvement degree in unconﬁned
compression strength and polymer contents.
150 W.R. Azzamapproximate linear relationship. The degree of improvement
reached (50% and 75%) for polymer content of (6% and
10%) respectively. This indicated that, the achieving nanocom-
posites with the soil particles had a considerable effect on
increasing the shear strength of clayey soils.
In order to study the effect of created nanocomposites
against water, a series of unconﬁned compression tests were
run on clay samples at different polymer contents and soaked
in water for 24 h. No visible or detrimental effect of submer-
gence was found as shown in Fig. 11. This speciﬁes that the
nanocomposites which acted as a hydrophobic material were
not affected by the water; the new microstructures became
ideal impermeable materials due to the existence of hydropho-
bic nano-ﬁllers which are also main features of polymers.
4. Conclusions
From the microstructural and laboratory test results of this
study, the following conclusions can be drawn:
1. Stabilizing the clay soils by polypropylene is a good
option to create nanocomposites with clay fabrics and
modify the clay microstructures.
2. The size of constructed nanocomposites increased with
the increase of polymer content.
3. The creation of nanocomposites effectively decreases
and absorbs the excess water within the clay samples
thus, modifying the clay plasticity.
4. The existence of such nanocomposites can signiﬁcantly
increase the clay stiffness and reduce the compression
index.
5. The induced nanocomposites have great effect on reduc-
ing the inter-assembling pores and increasing the vertical
effective yield stress and decreasing the compressibility
characteristics of the stabilized samples.
6. The swelling behaviors of stabilized samples were par-
tially or totally eliminated due to constructed nanoﬁller
which acted as hydrophobic materials.
7. The produced nanocomposites mitigating and reducing
the volumetric shrinkage.
8. The stabilized clay samples by such polymer produces
isotropic materials with less desiccation cracks and
improves the tensile strength of clayey soil.
9. This stabilization technique improves the shear strength
of clay and modiﬁes the brittle shear failure to a ductile
one.
10. This technique can be applied to solve the geotechnical
stabilization problems, for example road embankments
modiﬁcation and slope stabilization.Acknowledgments
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